Temperature dependency of radiation damage in albite and natrolite was studied quantitatively by measuring the diffraction intensity with imaging plates. Radiation damage was reduced at low temperature in albite but was enhanced in natrolite. A damage process model, in which creation and annihilation of localized defects were considered, was proposed. According to this model, Boltzmann factor in temperature dependency is dominated by a difference between energy for diffusion of the localized defects and energy for breakdown of a crystal framework. When the diffusion energy is larger than breakdown energy, the activation energy in Boltzmann factor seems to be effectively negative.
Introduction
Crystal structure is often damaged by electron irradiation in a transmission electron microscope. This is especially critical in organic materials and, thus, has been investigated elaborately [1, 2] and diffraction pattern fading accompanied by the damage has been studied theoretically [3] . Ceramics are also damaged by electron irradiation and this is serious in high voltage microscopes [4, 5] . The damage process in ceramics is more complicated than that in organic materials and metals because various processes contribute to the damage [6] .
Some methods have been proposed to reduce the radiation damage. Cryoprotection is a most effective method because the thermal effect is important in the damage process in organic materials. It is also effective in inorganic materials because knock-on atom displacement is serious for inorganic materials.
Radiation damage is, however, enhanced at low temperature for a few materials. Bando et al. indicated that this is the case in inorganic materials that contain water molecules [7] . It has been suggested that a thermally activated restoration process can occur [8] but the mechanism is still unknown.
In this study, the fading of diffraction patterns was quantitatively analysed and the temperature dependency was examined. A model process for the radiation damage was proposed to explain the results.
Methods
The electron microscope used in this study is a JEM-3000F with a field emission electron source and acceleration voltage of 300 kV. An energy dispersive X-ray spectroscope (EDS) was attached to the microscope and used to monitor the mass loss of elements after electron irradiation.
The specimens examined were soda feldspars called albite, NaAlSi 3 O 8 , and a zeolite called natrolite, Na 2 Al 2 Si 3 O 10 ·2H 2 O. Albite has a triclinic structure and natrolite has an orthorhombic structure. In both minerals, aluminium, silicon and oxygen atoms are bonded by covalent bonds. The tetrahedra of SiO 4 and AlO 4 form a framework, and sodium ions are embedded in this framework. In addition, water molecules are included in natrolite. These silicates can be categorized into framework silicates [9] .
The minerals were crushed in an agate mortar and placed on an amorphous carbon thin film that was supported by a copper grid. The specimen was mounted on a cooling holder and cooled by liquid nitrogen. Electron damage processes were investigated from room temperature to 88 K.
Crystal quality was examined by measuring the intensity of the diffraction spots. Electron diffraction patterns were taken with imaging plates [10] that are useful for quantitative analysis of the diffraction intensity. The diffraction intensity was measured by integrating the intensity in a small circle centred on each spot and subtracting the background intensity that arises from diffuse scattering. The diffraction patterns were taken with very low electron beam density, e.g. 1 mA cm -2 , on a specimen in order to avoid damaging the specimen during taking the diffraction patterns.
The total electron dose was controlled by the irradiation time. The incident electron intensity was kept constant at 100 mA cm -2 which is not so high as to elevate the specimen temperature but enough to damage the crystals.
Results
The electron diffraction patterns taken from albite at room temperature are shown in Fig. 1 . It can be seen that the diffraction spots fade as the electron dose increases. Figure 2 shows the fading curves of the diffraction intensity for albite and natrolite at room temperature and 88 K. The vertical axis shows the diffraction intensity normalized by the initial intensity. The transmitted electron intensity was almost constant but all diffraction spots were faded. Only low indices, such as (001) or (111), are shown in Fig. 2 but the higher index diffraction spots, for example (331) or (040), are also measured. The fading slopes do not depend on the diffraction indices even in higher index diffraction, or on crystal orientations. The fading curves can be approximated by the following equation
where D is the total electron dose and D c is defined as the critical dose at which the diffraction intensity becomes 1 / e of the initial intensity [8] .
The diffraction intensity of albite reduces faster at room temperature than at low temperature but the opposite is true for natrolite. Figure 3 shows the temperature dependency of the critical dose. It is clear that the slopes are different for albite and natrolite. By fitting the slopes with Boltzmann factor, the activation energy can be derived. It is positive for albite, i.e. 18.2 meV, but it is effectively negative for natrolite, i.e. -41.6 meV. The negative energy has no meaning in physics and is nothing but an effective parameter, as discussed later.
Radiation damage is often accompanied by mass loss of elements. The fraction of each element was monitored by EDS. The sodium signal decreased gradually with increasing dose, while other signals were unchanged. Figure 4 shows the peak ratio of sodium and silicon in the spectra. The rate of mass loss was slower at low temperature for both minerals, while the diffraction intensity reduced faster at low temperature for natrolite. This means that the electron damage mechanism cannot be explained by the mass loss of sodium.
Discussion
It has been reported that the radiation damage for the materials used in this study are reduced at 400 keV compared with 100 keV [7] . This means that the damage is caused by inelastic scattering.
The inelastic scattering of electrons creates various localized defect pairs in the specimen [6] . For example, interstitial atoms and vacancies in Frenkel defects are important for metals. For silicates, the Si-O bond can be severed and the oxygen atom is removed, followed by the forming of an oxygen vacancy and a peroxy linkage (Si-O-O-Si bonds) [11] . The peroxy linkage and the oxygen vacancy are essential in silicates. On the other hand, electronically excited atoms are effective in ionic materials.
Here, the term 'localized defect' is used to widely mean 'defects that are localized in finite volume'. The localized defects are in contrast with dislocations or stacking faults that are defined as a line or a plane.
The localized defect that dominates the damage process is different for each material but the localized defects almost can be diffused and annihilated with some probability. The defect pairs repeat creation and annihilation under electron irradiation.
The defect diffusion speed depends on temperature following where E d is diffusion energy. For example, the diffusion energy is 0.44 eV for sodium and 1.25 eV for aluminium [12] . It is less than 0.1 eV for the alkali halide [13] . It may be much higher for peroxy linkage in silicates because the covalent bands are much tighter.
The defects can be recombined during the diffusion and they disappear. The increase in the amount of interstitial atoms during a time, dt, is expressed as where C is the concentration of defect pairs and C 0 is the concentration of the initial sites that are origins of the localized defects. s and s¢ are cross sections for creation and annihilation of the defects, and j is the electron current density. The first term of the right hand side in eq. (3) is an increasing rate of the defects by the electron radiation and the second term is a decreasing rate by annihilation. This equation is always valid for any localized defects, if the localized defect can be diffused and annihilated. It is independent from the substance of the localized defects. The concentration, C, saturates within a short period. The saturated concentration is obtained from eq. (3) as (4) Here, it was supposed that s¢ is much larger than s. The cross section for the defect creation is in the order of 10 -24 cm 2 [14] , because the target for creating the localized defect is an atom nucleus or a valence electron. On the other hand, the cross section for the defect annihilation, s¢, is close to the defect size that is the order of 10 -20 cm 2 .
C 0 , j, s, s¢ are constants but v d depends on the temperature as shown in eq. (2) . Therefore, the temperature dependence of the defect concentration includes the diffusion energy, as shown in eq. (4) .
Here, a model process for crystal structure damage is supposed. The localized defect pairs can aggregate with each other during diffusion and form defect clusters. The crystal framework consisted of tetrahedra of SiO 4 and AlO 4 deforms with activation energy for the breakdown E b . As the breakdown energy is determined by a complex deform process that includes the effect of the water molecules, sodium ions and so on, it is an effective parameter in the phenomenon.
The probability of the framework breakdown, P, is proportional to the defect concentration and, thus, its temperature dependency is expressed as (5) The critical dose for diffraction pattern fading is inversely proportional to the breakdown probability. Therefore, the effective activation energy for crystal structure damage is defined as
The effective activation energy, which is derived from the slopes in Fig. 3 , is positive when E b is larger than E d / 2, and otherwise it seems to be negative. The diffusion energy, E d , is not so different between albite and natrolite because the localized defects are common. On the other hand, the breakdown energy, E b , is rather different because natrolite contains water molecules. Water molecule radicals damage the framework by erosion, and so the breakdown energy for natrolite is probably lower than that for albite. The experimental results can be explained by this model. It is seen from EDS studies that the sodium content was gradually reduced by electron irradiation for both minerals. Displaced sodium atoms diffuse in the crystal and evaporate from surfaces. The evaporation rate is affected by activation energy for evaporation and, therefore, it decreases at low temperature. However, the framework breaks fast in natrolite, whereas the sodium evaporation rate is slow at low temperature.
Concluding remarks
The temperature dependence of radiation damage in albite and natrolite was studied quantitatively. Radiation damage was reduced at low temperature in albite as generally expected, but it was enhanced in natrolite. A model of the damage process, in which creation and annihilation of the localized defect pairs were considered, was proposed in this
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article. According to this model, Boltzmann factor in temperature dependency is dominated by two kinds of activation energy. One is the energy for the diffusion of the defects and the other is the energy for the breakdown of the crystal framework. The effective activation energy in Boltzmann factor for radiation damage can be defined as the difference of the two kinds of activation energy. Therefore, it seems to be effectively negative in natrolite.
